Abstract Collections of rust fungi (Pucciniales) on species of Allium in Australia have previously been identified as Puccinia allii. These identifications are unsatisfactory as P. allii is a species complex that has yet to be taxonomically resolved. Some of the cryptic species in this complex may represent new introductions and have potential biosecurity consequences for Australia. A combined morphological and molecular approach has been used to identify the species of rust on Allium collected in Australia. Three different species of rust, Puccinia alli sensu lato, P. allii sensu Gäumann (1959) and P. mixta, were identified based on the morphology of urediniospores and teliospores, and analyses of the internal transcribed spacer and large subunit regions of nuclear ribosomal DNA. One of these species, P. mixta, may not be established in Australia. The taxonomy of rusts on Allium is discussed.
Introduction
Allium (Amaryllidaceae) contains approximately 780 species, many of which are agriculturally important, such as bulb onion (A. cepa var. cepa), shallot (A. cepa var. aggregatum), spring onion (A. fistulosum), leek (A. porrum), garlic (A. sativum) and chives (A. schoenoprasum) (Friesen et al. 2006) . There are at least ten valid names for species of Puccinia and Uromyces (Pucciniaceae, Pucciniales) that have been reported on species of Allium worldwide ( Table 1) . Many of these rusts were described in the 1800s, and the application of correct names is challenging for several reasons, including that their morphologies were not described in sufficient detail, type specimens were not lodged, and the hosts were sometimes not identified to species level. Gäumann (1959) accepted three autoecious species of rust on Allium, namely P. allii with mostly two-celled teliospores, P. porri with equal numbers of oneand two-celled teliospores, and U. ambiguus with one-celled teliospores. Other studies have concluded that the rusts on Allium cannot be adequately differentiated by spore morphology (Goto 1935; Jennings et al. 1990 ), host range or morphology of the infection structures (Niks and Butler 1993) . Consequently, many collections of rust on Allium have been identified as P. allii (Laundon and Watenton 1964) , which has resulted in a species complex. Jennings et al. (1990) and Niks and Butler (1993) showed there were at least three morphological species of rust on Allium in Europe, with spring onions and garlic each susceptible to multiple species of rust. These authors noted that the identification of rusts on Allium was challenging if teliospores were absent. Jennings et al. (1990) provided three features for differentiation of rust on Allium, namely (i) whether the rust infected leek, chives or wild leek (A. ampeloprasum as 'A. babingtonii'), (ii) the ratio of one-and two-celled teliospores, and (iii) the density of echinulations on the surface of urediniospores. This latter feature was not considered reliable in a subsequent study ). Jennings et al. (1990) identified the rust on leek as P. allii with mostly twocelled teliospores; the rust on chives as P. mixta with about 40 % two-celled teliospores in mature telia, and the rust on wild leek as Uromyces ambiguus with one-celled teliospores. Niks and Butler (1993) further differentiated the rusts on leek and chives by morphology of the infection structure. Koike et al. (2001) and Anikster et al. (2004) determined that rust on garlic and chives in the USA was a different species to that on wild leek, leek and garlic in Europe, as leek was not susceptible to infection by the American rust following experimental inoculations. Anikster et al. (2004) recovered P. allii in two clades that correlated with geographical origins from the USA or Middle East/ Europe in a molecular phylogenetic analysis based on the internal transcribed spacer (ITS) region of ribosomal DNA (rDNA). In addition, they found the two clades differed in the number of nuclei in their basidiospores, and by differences in the size of their teliospores . The rust from the USA that has a majority of two-celled teliospores, and infects garlic and chives, but not leek, is hereafter referred to as P. allii sensu Koike et al. (2001) .
There are an estimated 360 species of rust (Pucciniales) in Australia , with only one species recorded on Allium, which is an introduced genus. Puccinia allii was first reported in Australia as the cause of rust on garlic, chives and spring onion (Rochecouste 1984) . Metcalf (2002) showed in pathogenicity tests that an isolate of Puccinia allii from Tasmania could infect chives, garlic, bulb onions, spring onions and shallot but not leek. Until very recently, P. allii was only recorded from the eastern states of mainland Australia and Tasmania. However, in October 2013, rust on garlic was observed for the first time in South Australia ( Fig. 1) . It was not known whether P. allii from eastern Australia caused this outbreak, or if it was caused by an introduced species.
The primary purpose of this study was to investigate the diversity of rusts on species of Allium in Australia collected over a 30-year period. A secondary aim was to resolve the taxonomy of the P. allii species complex and apply meaningful names to the rusts on Allium. A phylogenetic species concept of rusts on Allium was determined from the ITS and large subunit (LSU) regions of rDNA, and morphological characters were inferred for differentiation of these species.
Materials and methods

Taxon selection
Specimens of rust on Allium spp. from Australia and overseas were obtained from the Australian reference herbaria (BRIP, DAR and VPRI) (Shivas et al. 2006) (Table 2 ). Fresh collections of rust on A. sativum were obtained from South Australia and Tasmania. Species of Puccinia and Uromyces from hosts other than Allium were included to represent phylogenetic groups in the Pucciniaceae as determined by Dixon et al. (2010) . Mundkur and Thirumalachar (1946) DNA extraction, amplification and phylogenetic analyses
Fungal tissue was selectively removed from fresh leaf material with a filtered pipette tip attached to a vacuum pump. DNA was extracted using the UltraClean Microbial DNA Isolation Kit (MoBio Laboratories, Solana Beach, CA, USA). The ITS region was amplified with ITS1F/ITS4B (Gardes and Bruns 1993) and the LSU region was amplified with Rust 2INV/ LR6 (Vilgalys and Hester 1990; Aime 2006) . PCRs were done with high fidelity Phusion DNA polymerase (New England Biolabs Inc.) using the following thermocycler conditions: initial denaturation step of 1 min at 98°C; 35 cycles of 10 s at 98°C, 30 s at 62°C and 45 s at 72°C; a final extension step for 5 min at 72°C. Amplified products were purified and sequenced by Macrogen Korea, Seoul. Sequences were deposited in GenBank with the accession codes provided in Table 2 . LSU sequences of rusts on Allium and species of Puccinia and Uromyces representative of the Pucciniaceae were aligned using the MAFFT algorithm (Katoh et al. 2009 ) in SATe (Liu et al. 2012) . The alignment was examined with two phylogenetic criteria, Bayesian inference and maximum likelihood. MrBayes was used to conduct a Markov Chain Monte Carlo (MCMC) search with Bayesian inference (Ronquist and Huelsenbeck 2003) . Four runs, each consisting of four chains, were implemented for 10 million generations. The cold chain was heated at a temperature of 0.25. Substitution model parameters were sampled every 1000 generations and trees were saved every 1000 generations. Convergence of the Bayesian analyses was confirmed using the cumulative and compare functions in AWTY (Nylander et al. 2008 ) (available at: ceb.csit.fsu.edu/awty/) and 30,000 trees were summarized. Maximum likelihood (ML) was implemented as a search criterion in RAxML (Stamatakis 2014) . GTRGAMMA was specified as the model of evolution in both criteria. The RAxML analyses were run with a rapid Bootstrap analysis (command -f a) using a random starting tree and 1000 maximum likelihood bootstrap replicates.
Further phylogenetic analyses were made with an alignment of the ITS and LSU regions. Isolates without these data were excluded from the analyses, except for BRIP 62011, BRIP 62277 and DAR 38182. Partitions were set for the ITS and LSU regions, and run under Bayesian inference and maximum likelihood. Indels of the ITS and LSU regions were scored as present or absent characters that corresponded to 20 homologous sites in the alignment. The indels were deleted and run as standard characters in Bayesian inference and multistate characters in RAxML analyses as a third partition. The same parameters as above were used for MrBayes and RAxML. The ML analysis included a Markov model for the multistate characters (command -K MK).
Morphological examination
Fungal structures were scraped from leaf material, mounted in lactic acid and gently heated to boiling. Preparations were examined with a Leica DMLB microscope and digital images were taken with a Leica DFC500 camera. Measurements were made from the imaged spores. Fig. 1 Field symptoms of rust on species of Allium. a Uredinia of Puccinia porri on A. ampeloprasum, BRIP 61575; b Telia of P. porri on A. porrum, BRIP 61576; c Uredinia (orange) and telia (black) of P. allii sensu lato on A. sativum from South Australia, BRIP 59724; d Uredinia (orange) and telia (black) of P. mixta on A. schoenoprasum, BRIP 61556 
Results
Phylogenetic analyses
The rusts on species of Allium examined in this study were polyphyletic in the Pucciniaceae based on the LSU region (Fig. 2) . Most of the rusts on Allium, including all of the Australian specimens, formed a well-supported clade within Pucciniaceae group 2 sensu Dixon et al. (2010) . These rusts occurred in five clades, which were recovered in identical topologies by ML and Bayesian inference based on the ITS and LSU regions of rDNA (Fig. 3) . These five clades corresponded to (i) rusts on A. porrum, A. ampeloprasum and A. fistulosum from Europe, considered Puccinia porri; (ii) rusts on A. fistulosum and A. sativum in Australia and China, considered P. allii sensu lato; (iii) rusts on several species of Allium used in the study of Metcalf (2002) , considered P. allii sensu Gäumann (1959) ; (iv) specimens from the USA on A. sativum and A. schoenoprasum included in the study by Anikster et al. (2004) , considered Puccinia allii sensu Koike et al. (2001) , and (v) rusts on A. schoenoprasum from Europe and one specimen from Australia, considered Puccinia mixta. With the exception of Puccinia porri, these rusts were differentiated by indels in the ITS2 region and were identical in the LSU region. The remaining two specimens of Puccinia sp. on A. tuberosum from the Philippines and Thailand, formed a highly supported monophyletic clade with three rusts, Puccinia hemerocallidis, Uredo dianellae and Uredo ge itono plesii on ho st s pec ies in th e subfa m ily Hemerocallidoideae (Xanthorrhoeaceae). These rusts were recovered in a larger well-supported clade that contained rusts in Pucciniaceae group 1 sensu Dixon et al. (2010) .
Morphology and taxonomy of specimens examined
Three morphologically distinct spore types were found among Australian specimens. The most important morphological characters for species identification are summarised in Table 3 . Taxonomic descriptions are provided for five of the species studied from Australia and Europe. Species names were applied if they could be linked to the original concept of the type. Puccinia allii sensu lato was used for phylogenetic species that could not be associated with a known rust on Allium.
Puccinia allii Sensu lato ( Fig. 1C; 4 A , B, C) Uredinia on both leaf surfaces, subepidermal, erumpent, round, yellow, peridium present. Urediniospores ellipsoidal, obovoid or oval, subhyaline to yellow, 26-34 × 21-27 μm; wall 1.0-2.5 μm thick, apex not thickened, echinulate, 21-33 spines per 10 μm 2 , with 7-10 scattered germ pores. Telia on both leaf surfaces, subepidermal, linear, black. Teliospores clavate, apex (2014) 5 McTaggart et al. (2014b) rounded to truncate, mostly two-celled spores (~90-95 %), yellowish brown, constricted at septum smooth walled; one-celled spores oval to clavate, 35-58 × 16-17 μm; two-celled spores 42-65 × 16-20 μm, wall 1.5-2.0 μm thick at sides, 3-7 μm at apex, upper cell ellipsoidal to doliiform, 19-29 × 16-20 μm, lower cell clavate, paler than the upper cell, 26-38 × 11-15 μm, gradually tapered to a narrow base 4-6 μm. Koike et al. (2001) Puccinia allii sensu Gäumann (1959) Puccinia allii sensu lato 
